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[57] ABSTRACT 
Signal expansion/compression apparatus wherein an 
input signal is compressed by an exponential factor and 
then subsequently may be expanded by the reciprocal of 
that exponential factor, wherein neither the signal com 
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pression circuits nor the signal expansion circuits need 
be provided with exponential ampli?ers or logarithmic 
function generators. The signal compressio circuit in 
cludes a plurality of serially-connected voltage con 
trolled ampli?ers, a ?rst of such ampli?ers receiving the 
input signal to be compressed and a predetermined one 
of such ampli?ers providing the compressed output 
signal. A control signal generator is connected to the 
last of the voltage controlled ampli?ers to produce a 
control voltage which is a function of the output signal 
of that last ampli?er and a reference voltage. This con 
trol voltage is supplied to all of the voltage controlled 
ampli?ers so as to determine the respective gains 
thereof. The signal expansion circuit includes a plurality 
of voltage controlled ampli?ers, an input signal to be 
expanded being supplied in common to two of such 
ampli?ers. An output of one of such ampli?ers is com 
bined with a reference signal to produce another con 
trol voltage which is supplied to all of the ampli?ers in 
the signal expansion circuit so as to determine the re 
spective gains thereof. The output signal produced by 
another ampli?er is expanded with respect to the input 
signal. All of the voltage controlled ampli?ers used in 
the compression and expansion circuits exhibit substan 
tially linear gain characteristics and, preferably, are 
comprised of a voltage controlled impedance whose 
impedance value is linearly related to the applied con 
trol voltage. 

27 Claims, 14 Drawing Figures 
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SIGNAL COMPRESSION/EXPANSION 
APPARATUS 

BACKGROUND OF THE INVENTION 

This invention relates to signal compression/expan 
sion apparatus and, more particularly, to such apparatus 
wherein an input signal is compressed by an exponential 
factor in the signal compression apparatus; and is ex 
panded by a reciprocal of that exponential factor in the 
signal expansion apparatus. 

In information signal recording, such as in the record 
ing of an audio signal on a recording medium, for exam 
ple, on a magnetic tape, sheet or disc, or on a record 
disc, it often is desirable to minimize or effectively elim 
inate noise. Typically, this noise appears as background 
noise or hiss. Accordingly, various noise eliminating 
circuits have been proposed. In a typical noise eliminat 
ing circuit now used, the dynamic range of the informa 
tion signal is narrowed, or reduced, prior to recording, 
and this range is restored to its original value during 
reproduction. 

In a noise eliminating circuit of the so-called dbx-sys 
tem, the information signal is compressed by a frac 
tional exponential factor prior to recording and then, 
during reproduction, the signal is expanded by the re 
ciprocal of that exponential factor. In one embodiment 
of such a dbx-system, the signal compressing circuitry 
includes an exponential ampli?er, that is, an ampli?er 
whose gain is equal to an exponential function, and also 
a logarithmic conversion circuit for producing a gain 
control voltage that is a logarithmic function. The sig 
nal expanding circuitry used in the dbx-system also 
includes an exponential ampli?er and a logarithmic 
conversion circuit. 
While the theoretical operation of such a dbx-system 

may be acceptable, the actual operation of such a dbx 
system may be acceptable, the actual operation thereof 
is less than satisfactory. In particular, exponential ampli 
?ers and logarithmic conversion circuits are complex 
and, therefore, are expensive to manufacture. Also, it 
often is difficult to manufacture matched exponential 
amplifiers which are necessary to achieve signal expan 
sion that is the correct reciprocal of the signal compres 
sion. Furthermore, since the circuit components which 
are used are subjected to a range of tolerances, the 
dif?culty of assembling matched compression and ex 
pansion circuits is further increased. Additionally, be 
cause of temperature dependencies inherent in many 
circuit components, even matched circuits may exhibit 
nonuniform characteristics over a period of time. 

OBJECTS OF THE INVENTION 

Therefore, it is an object of the invention to provide 
improved apparatus for the compression/expansion of 
an input signal which substantially avoids the foregoing 
disadvantages of the prior art. 
Another object of this invention is to provide signal 

compression apparatus for compressing an input signal 
by a fractional exponential factor. 
A further object of this invention is to provide signal 

expansion apparatus for expanding a signal by an expo 
nential factor that is the reciprocal of a compression 
factor. 
Yet another object of this invention is to provide 

improved signal compression/expansion apparatus in 
cluding matched signal compressing and expanding 
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2 
circuits that exhibit substantially uniform characteristics 
over a relatively long period of time. 
An additional object of this invention is to provide 

improved signal compressing and expanding circuits 
wherein linear ampli?ers are used to achieve compres 
sion and expansion by an exponential factor. 
Various other objects, advantages and features of the 

present invention will become readily apparent from 
the ensuing detailed description, and the novel features 
will be particularly pointed out in the appended claims. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, signal com 
pression/expansion apparatus is provided, including a 
signal compressing circuit comprised of a plurality of 
serially-connected voltage controlled ampli?ers, a ?rst 
of such voltage controlled ampli?ers being supplied 
with an input signal to be compressed and an intermedi 
ate one of such ampli?ers producing an exponentially 
compressed output signal; the last of the voltage con 
trolled ampli?ers being coupled to a control signal gen 
erator which produces a control voltage as a function of 
the output of said last voltage controlled ampli?er and 
a reference voltage, the control voltage being supplied 
to all of the voltage controlled ampli?ers in the signal 
compressing circuit; and further including a signal ex 
panding circuit comprised of a plurality of voltage con 
trolled ampli?ers wherein predetermined ?rst and sec 
ond voltage controlled ampli?ers are supplied in com 
mon with an input signal to be expanded, the output of 
one of such voltage controlled ampli?ers producing an 
output signal expanded by an exponental factor; the 
output of at least the other voltage controlled ampli?er 
being coupled to a control signal generator which pro 
duces a control voltage as a function of the output of 
such voltage controlled ampli?er and a reference signal, 
this control voltage being suplied to all of the voltage 
controlled ampli?ers included in the signal expanding 
circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following detailed description, given by way of 
example, will best be understood in conjunction with 
the accompanying drawings in which: 
FIG. 1 is a block diagram of a prior art noise eliminat 

ing circuit; 
FIGS. 2A and 2B are block diagrams showing signal 

compressing and expanding circuits, respecively, used 
in the noise eliminating circuit of FIG. 1; 
FIG. 3 is a block diagram of one embodiment of a 

signal compressing circuit in accordance with the pre 
sent invention; 
FIG. 4 is a block diagram of one embodiment of a 

signal expanding circuit in accordance with the present 
invention; 
FIG. 5 is a plan view of one embodiment of an FET 

which can be used with the present invention; 
FIG. 6 is a sectional view of the FET shown in FIG. 

5; 
FIG. 7 is a schematic illustration of the FET shown in 

FIGS. 5 and 6; 
FIG. 8 is a graphical representation of the attenuating 

characteristic of the FET shown in FIGS. 5, 6 and 7; 
FIG. 9 is a schematic diagram of one embodiment of 

signal compressing circuit in accordance with the pre 
sent invention; 
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FIG. 10 is schematic diagram of one embodiment of a 

signal expanding circuit in accordance with the present 
invention; 
FIG. 11 is a block diagram of another embodiment of 

a signal compressing circuit in accordance with the 
teachings of the present invention; 
FIG. 12 is a block diagram of another embodiment of 

a signal expanding circuit in accordance with the teach 
ings of the present invention; and 
FIG. 13 is a graphical representation showing the 

signals produced by the compressing and expanding 
circuits of the present invention. 

DETAILED DESCRIPTION OF SOME OF THE 
PREFERRED EMBODIMENTS 

A proper appreciation of the present invention will 
best be understood by ?rst considering the construction 
and operation of a typical prior art noise eliminating 
circuit. One such circuit is depicted in the block dia 
gram shown in FIG. 1. As discussed above, a typical use 
of a noise eliminating circuit is to eliminate noise accom 
panying an information signal to be recorded on a re 
cording medium. In the embodiment of the prior art 
circuit shown in FIG. 1, noise elimination is achieved 
by signal compression. Accordingly, a signal compress 
ing circuit 1 is adapted to receive an input information 
signal applied to terminal 6:! and to compress this signal 
by an exponential factor for recording on recording 
medium 2. The compressed signal is derived from com 
pressing circuit 1 at terminal 6b. During signal play 
back, it is necessary to restore the recorded information 
signal to its original cn?guration. Accordingly, a 
matched expanding circuit 3 is connected to receive the 
reproduced information signal from recordng medium 2 
and supplied via terminal 30. The signal produced by 
expanding circuit 3 is provided at terminal 3b, this sig 
nal being expanded by an exponential factor that is the 
reciprocal of the compression factor of compressing 
circuit 1. 
Compressing circuit 1 of FIG. 1 is shown in greater 

detail as the signal compressing circuit 10A shown in 
FIG. 2A. An input signal Si, having an input voltage 
level Vi, is supplied to input terminal 60 and is transmit 
ted in common to a voltage controlled exponential am 
pli?er 4 and a logarithmic conversion circuit 5. Expo 
nential ampli?ers are known in the art and ampli?er 4 is 
provided with a gain A that may be expressed as A = 
A, exp CIVC, wherein C1 is a constant and V, is a control 
voltage supplied thereto by logarithmic conversion 
circuit 5. The control voltage V, produced by logarith 
mic conversion circuit 5 is adapted to be logarithmically 
related to the input voltage Vi. Accordingly, the con 
trol voltage vccan be expressed as: V, : l/C; >< ink Vi, 
wherein C2 and k are constants and Vi is the voltage 
level of input signal Si. 
Accordingly, in this signal compressing circuit shown 

in FIG. 2A, the voltage level Vo of the output signal So 
produced by exponential ampli?er 4 and provided at 
terminal 6b can be expressed as: 

V0 : Aokuy’ql Vi l+(q/Q) (1) 

A typical exponential compressing factor is l. Ac 
cordingly, if C; = —2C,, then equation (1) can be re 
written as: 

yo = A0),- (ell!) y,- (1/2) (2) 
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In the signal compressing circuit of FIG. 2A, if it is 

assumed that C; equals C, in equation (I), then the out 
put voltage level Vo may be expressed as: 

Vo = Auk V? (3) 

Equation (3) represents that input signal Si is expanded 
by the exponential factor 2. Thus, depending upon the 
particular selection of constants C; and C1, circuit 10A 
can function either as a signal compressing circuit or a 
signal expanding circuit. 
An embodiment of signal expanding circuit 3 is 

shown in greater detail in FIG. 28 as expander 108. An 
input signal having voltage level Vi is applied to a volt 
age controlled exponential ampli?er 4 connected to 
terminal 3a. The output voltage Vo produced by expo 
nential ampli?er 4 is fed back through logarithmic con 
version circuit 5 as a control voltage Vc. Ampli?er 4 
and conversion circuit 5 shown in FIG. 2B may be 
similar to ampli?er 4 and conversion circuit 5 shown in 
FIG. 2A. Hence, the gain of ampli?er 4 is the same as 
that described above, and the mathematic operation of 
conversion circuit 5 also is the same as described herein 
above. Accordingly, the output voltage Vo produced at 
terminal 3b by expander 105 can be expressed as: 

Preferably, expander 10B is matched to compressor 
10A. Accordingly, if the signal compression is the expo 
nential factor Q, then the signal expansion should be the 
reciprocal of the compression, that is, signal expansion 
should be the exponential factor 2. This is achieved if 
C; equals 2G, in equation (4), resulting in: 

V0 = 407k VI'Z (5) 

If it is assumed that, in equation (4), C2 equals —C|, 
then equation (4) can be rewritten as: 

yo : AOu/Zlk —(l/1) Vin/2) (6) 

Equation (6) represents that the signal expanding circuit 
may function as a compression circuit if the constants 
C; and C, are properly selected. Hence, both the signal 
compressing circuit shown in FIG. 2A and the signal 
expanding circuit shown in FIG. 213 can be used either 
as signal compressing circuits or signal expanding cir 
cuits, as noted above. In general, circuits 10A and 10B 
are matched such that circuit 10A functions in the man 
ner expressed as equation (2) and circuit 108 functions 
in the manner expressed as equation (5). Alternatively, 
if circuit 10A is chosen to function in the manner ex 
pressed by equation (3), then circuit 10B functions in the 
manner expressed as equation (6). 
As mentioned above, exponential ampli?ers and loga 

rithmic conversion circuits generally are complex and, 
therefore, expensive to manufacture. Also, it is dif?cult 
to achieve the manufacture of matched circuits 10A and 
108. Furthermore, because of temperature dependen 
cies and necessary tolerances of circuit components, 
even circuits that initially are matched ultimately may 
exhibit nonuniform characteristics over a period of 
time. Because of this, even if a signal compressing cir 
cuit 10A is constructed to have a theoretical exponen 
tial compression factor of l, its actual compression fac 
tor may be (1.2/2). Similarly, although the theoretical 
exponential expanding factor of circuit 10B may be 2, its 
actual expanding factor may be (2/1.2). 
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The present invention overcomes these shortcomings 
attending the use of exponential ampli?ers and logarith 
mic conversion circuits. 
Turning now to FIG. 3, there is illustrated a block 

diagram of one embodiment of a signal compressing 
circuit Tc in acordance with the teachings of the pre 
sent invention. In the illustrated embodiment, an input 
signal is compressed by the exponential factor of 1/2. 
Signal compressing circuit Tc includes a pair of serially 
connected voltage controlled ampli?ers 7A and 7B. An 
input terminal 13 is connected to the ?rst ampli?er 7A 
and is adapted to supply an input signal Si whose volt 
age level Vi is to be compressed. An output terminal 14 
is connected to a predetermined connection point be 
tween the adjacent ampli?ers 7A and 7B and is adapted 
to provide an output signal So whose voltage level V0 
is compressed. 
Voltage controlled ampli?er 7A is comprised of a 

variable gain controlled element, such as a voltage con 
trolled variable impedance 8A whose gain (or attenua 
tion factor) can be expressed as A(VG). Variable imped 
ance 8A, described in greater detail below, is connected 
in series with an ampli?er 9A of substantially constant, 
predetermined gain. In one embodiment, ampli?er 9A is 
a unity gain ampli?er. 
The gain A(VG) of gain controlled element 8A is a 

function of a control voltage VG applied thereto. The 
gain of ampli?er 9A may be expressed as A]. 
Voltage controlled ampli?er 7B is similar to just 

described ampli?er 7A and is comprised of a gain con 
trolled element 88 connected in cascade with an ampli 
?er 9B having a substantially constant, predetermined 
gain. The gain of gain controlled element 88 is a func 
tion of control voltage V6 and may be expressed as 
B(VG), this gain preferably being less than unity. The 
gain of ampli?er 93 may be expressed as A1. 
Control voltage VGis a function of the output voltage 

VB produced by the last of the series-connected voltage 
controlled ampli?ers 7B and a reference voltage VF. 
Accordingly, a control voltage generator 11, which 
may comprise a summing circuit, has one input con 
nected to the output of voltage controlled ampli?er 7B 
and another input connected to a terminal 12, this termi 
nal being adapted to receive a reference voltage, such as 
a negative offset voltage —-V,.—. Summing circuit 11 is 
described in greater detail below. 

In a preferred embodiment of signal compressing 
circuit Tc shown in FIG. 3, the gain of gain controlled 
element 8A is equal to the gain of gain controlled ele 
ment 8B. Accordingly, A(VG) = B(VG). This can be 
attained by constructing gain controlled elements 8A 
and 8B in integrated circuit con?guration, preferably on 
the same semiconductor chip. Hence, these elements 
will exhibit substantially identical characteristics over 
long periods of time. 
A mathematical analysis of the embodiment shown in 

FIG. 3 results in the relationship between the input 
voltage level Vi of input signal Si and the output volt 
age level Vo of output signal So as follows: 

V,-A|-A(VG) = V0 (7) 

Similarly, the relationship between the voltage level Vo 
applied to voltage controlled ampli?er 7B and control 
voltage VG produced by summing the circuit 11 can be 
expressed as: 
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Equations (7) and (8) can be combined to cancel the 
factor A(VG), resulting in: 

V0 = (V0 + VF)UI(AI/A2)VZ(VOHZ (9) 

From equation (9) it is apparent that circuit Tc func 
tions as a signal compressing circuit having an exponen 
tial signal compression factor of i. An advantage of this 
illustrated embodiment is that none of the ampli?ers or 
gain controlled elements is an exponential ampli?er or a 
logarithemic conversion circuit, as discussed above in 
respect to FIG. 2A. Thus, the FIG. 3 embodiment is 
relatively simple to construct, may be formed as an 
integrated circuit and, therefore, is substantially les 
expensive than the previously described prior art em 
bodiments. Even though circuit components 8A, 9A, 
8B and 9B may exhibit linear characteristics, neverthe 
less, the illustrated interconnections comprising circuit 
Tc result in an exponential signal compressing factor. 
Furthermore, because circuit Tc is formed as an inte 
grated circuit, the respective gain controlled elements 
exhibit uniform characteristics and remain matched 
over long periods of time. Furthermore, the illustrated 
circuit components exhibit favorable temperature char 
acteristics. Also, as should be apparent from equation 
(9), except for the factor Vi, this equation does not 
include additional variable factors that are dependent 
upon the tolerances of the respective circuit elements. 
Hence, the signal compressing factor of circuit Tc is 
substantially uniform for all manufactured circuits. 

In some instances, the factor ( VG + VF) in equation (9) 
may not be constant for all input signals. This can be 
overcome by increasing the offset voltage VFsuch that 
the factor (VG + V,.-)”2 will remain substantially con 
stant. Accordingly, offset voltage VF preferably is a 
predetermined voltage level. 
In a typical application of circuit Tc, input signal Si is 

compressed and then recorded on a suitable recording 
medium. During playback, it generally is desired to 
expand this compressed signal to restore it to its original 
levels. A preferred embodiment of a signal expanding 
circuit Te is shown in FIG. 4. Voltage controlled ampli 
?ers 20A and 208 have common-connected inputs that 
are coupled to an input terminal 24 so as to receive an 
input signal Si having an input voltage level Vi. It may 
be appreciated that, when used as a signal expanding 
circuit, input terminal 24 of circuit Te is supplied with a 
compressed signal. Voltage controlled ampli?er 20A is 
coupled to an output terminal 25 to produce an output 
signal So whose voltage level V0 is expanded. Voltage 
controlled ampli?er 20B is coupled to a control signal 
generator 27 for producing a control voltage Vcthat is 
supplied to each of the voltage controlled ampli?ers to 
correspondingly determine their respective gains. 

If it is assumed that expanding circuit Te is to expand 
a signal that previously had been compressed by com 
pressing circuit Tc, then, in accordance with the previ 
ously assumed numerical example, expanding circuit Te 
has an exponential signal expanding factor of 2. Voltage 
controlled ampli?er 20A may be comprised of a gain 
controlled element, such as a voltage controlled imped 
ance, connected in series with an ampli?er having a 
substantially constant, predetermined gain. In such a 
circuit arrangement, it is preferred that both the gain 
controlled element and constant gain ampli?er have 
respective gains that are less than unity. Hence, the 
constant gain ampli?er may be considered as a substan 
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tially constant attenuator. In another embodiment, such 
as shown in FIG. 4, voltage controlled ampli?er 20A is 
comprised of an attenuator 21A, or ampli?er whose 
gain is less than unity, adapted to receive input signal Si 
and, after attenuation, supplying the attenuated input 
signal to one input of an operational ampli?er 23. Oper 
ational ampli?er 23 could be of the conventional type 
having non-inverting and inverting inputs. As shown in 
FIG. 4, the non-inverting input is connected to attenua 
tor 21A and the inverting input is connected to the 
ampli?er output via a feedback circuit formed of gain 
controlled element 22A. Gain controlled element 22A 
may be similar to previously described gain controlled 
element 8A and, therefore, may comprise a voltage 
controlled impedance having a transfer function, or 
gain, B(VG) determined by control voltage VG, 
Voltage controlled ampli?er 20B is comprised of a 

gain controlled element 22B, such as a voltage con 
trolled impedance, connected in cascade with an ampli 
?er 21B of substantially constant, predetermined gain 
13;. Voltage controlled impedance 228 may be similar to 
voltage controlled impedance 22A and includes a trans 
fer function, or gain, B(VG). 

Signal generator 27 may be similar to previously de 
scribed signal generator 11 (shown in FIG. 3) and, 
therefore, may comprise a summing circuit having one 
input coupled to the output of voltage controlled ampli 
?er 20B and another input coupled to the terminal 26 
and adapted to receive a reference voltage, such as a 
negative offset voltage —VF. Hence, control voltage 
V6 is the summation of offset voltage —-V,: and the 
output voltage produced by voltage controlled ampli 
?er 208. 
A mathematical analysis of voltage controlled ampli 

?er 20B results in the expression: 

145,301,) = VG + V; (10) 

Likewise, a mathematical analysis of voltage controlled 
ampli?er 20A results in the expression: 

V0 = n l/H,- l/B(VG) (ll) 

Equations (l0) and (11) can be combined to eliminate 
the factor B( VG), resulting in: 

V0 : (Bl/8,) - (l/VG+ VF) V? (12) 

It is seen from equation (ll) that voltage controlled 
ampli?er 20A may be formed of different circuit com 
ponents. For example, as mentioned hereinabove, an 
ampli?er (or attenuator) having a gain VB, and a volt 
age controlled impedance having a transfer function, or 
gain, l/B( VG) can be connected in cascade to result in 
equation (ll). However, the illustrated embodiment of 
voltage controlled ampli?er 20A is preferred because 
the gain of gain controlled element 22A can be made 
equal to the gain of gain controlled element 22B, 
thereby providing for uniform characteristics. 

In the embodiment shown in FIG. 4, none of the 
ampli?ers, attenuators or gain controlled elements is an 
exponential ampli?er or logarithmic conversion circuit. 
Rather, the illustrated circuit components exhibit sub 
stantially linear gain (or attenuation) characteristics. 
Nevertheless. because of the illustrated interconnec 
tions, expanding circuit Te is capable of providing an 
exponential signal expansion factor of 2. Also, the re 
spective ampli?ers can be matched and, because the 
ampli?ers may be constructed of integrated circuit con 
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8 
?guration, they exhibit substantially uniform character 
istics over long periods of time and favorable tempera 
ture characteristics. Furthermore, the exponential ex 
pansion factor is not signi?cantly affected by different 
values of electronic component elements due to, for 
example, the lower range of tolerances of such ele 
ments. Therefore, when compressing circuit Tc is used 
in combination with expanding circuit Te, undesired 
noise accompanying an information signal is substan 
tially eliminated. 

If the exponential signal compression factor of circuit 
Tc is, for example, i, then gain controlled elements 8A 
and 8B (and also elements 22A and 22B in expanding 
circuit Te) must provide this exponential factor over a 
wide range of input signal levels. For example, if the 
input signal is capable of varying over a range of l20db, 
then the gain controlled elements must provide the 
necessary gain over a range of at least 60db. One exam 
ple of a satisfactory gain controlled element which can 
be used in the compressing circuit Tc and the expanding 
circuit Te is a ?eld effect transistor (FET) of the type 
having two drain electrodes connected at opposite ends 
of the drain region and spaced apart in the direction of 
the channel width. Such an FET, proposed by the in 
stant inventor, has a favorable attenuation characteristic 
that is substantially constant over a wide range of input 
signal level. 
A preferred embodiment of an FET having two drain 

electrodes is shown in the top view of FIG. 5 and the 
sectional view (taken along lines I—I) of FIG. 6. This 
FET is of the MOS type. As shown in FIG. 6, FET 30 
is comprised of a semiconductor substrate 31 having 
N-type conductivity. P-type impurities are diffused into 
the upper surface 312 of substrate 31 at spaced apart 
locations separated from each other by a distance L. 
These impurities form a diffused source region 32 and a 
diffused drain region 33, respectively. Preferably, drain 
region 33 exhibits a smaller area than source region 32. 
Source region 32 may include more highly doped P+ 
impurities than drain region 33. As shown in FIG. 5, 
drain electrodes D, and D2 are coupled to the opposite 
extremities of drain region 33. The impurity concentra 
tion at these opposite extremities may be equal to or 
greater than the impurity concentration of the main 
portion of drain region 33. 
An insulator layer 34, for example, SiOZ, or the like, 

and a similar insulator layer 35 are formed over upper 
surface 310 of substrate 31. A suitable window is etched 
into insulator layer 34 overlying source region 32 to 
permit electrical contact between a conductor 37 and 
the source region. A conductive layer 36, formed of 
aluminum, or the like, is provided on insulator layer 35 
to serve as a gate region. Accordingly, a gate electrode 
G is coupled to conductor layer 36 and a source elec 
trode S is coupled to conductor layer 37. 
As best seen from FIG. 5, when FET 30 is turned on. 

a channel is provided between source region 32 and 
drain region 33. This channel is controlled by and is 
disposed beneath gate region 36. The width of the chan 
nel extends in the y direction from the left most end of 
source region 32 to its right most end. Drain electrodes 
D, and D2 are coupled to the opposite extremities of 
drain region 33 and are seen to be spaced apart by at 
least the width of the channel. Thus, these drain elec 
trodes are disposed outside of the actual channel region. 
Windows 38a and 38b are etched through insulator 
layer 34 overlying drain regions D, and D2 to permit 
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contact between the drain electrodes and drain region 
33. Similarly, window 38c is etched through insulator 
layer 34 to permit conductor 37 to contact source re 
gion 32. These respective regions and windows are 
shown in broken and chain-link lines, respectively, in 
FIG. 5. 
A schematic representation of FET 30 is shown in 

FIG. 7. When used as an attenuating element, drain 
electrodes D, and D1 may be considered as input and 
output electrodes, respectively, connected to input ter 
minal 40 and output terminal 41. As an attenuator, 
source electrode S is coupled to ground and a suitable 
control voltage V6 is applied to gate electrode G. A 
back gate terminal 42 also is provided in FET 30. 
The gain g, or attenuation factor, of FET 30 varies 

with control voltage V6 in a substantially linear rela 
tionship. Thus, the attenuation factor can be increased 
with minimum distortion. This is achieved because FET 
30 may be considered as having a lateral resistor con 
nected between its respective drain electrodes D, and 
D2. FET 30 may further be considered as having a 
group of longitudinal resistors connected between 
source electrode S and a predetermined point on the 
lateral resistor connecting the drain electrodes. Thus, 
the combination of one of the longitudinal resistors and 
a portion of the lateral resistor comprises an attenuator. 
The attenuators formed of the remaining longitudinal 
resistors are effectivelly connected in series between 
input and output terminals 40 and 41 so as to form a 
stacked attenuator. This accounts for the wide range of 
attenuation and linear relationship between attenuation 
and control voltage. This relationship is graphically 
depicted by a curve 45 shown in FIG. 8, this curve 
being shown in comparison with curves 44a and 44b 
which represent the attenuation characteristics of prior 
art voltage controlled attenuators. As may be observed 
from curve 45, the attenuation factor, or gain control 
ling factor, of FET 30 is substantially linear throughout 
a range of more than 60db. Consequently, FET 30 is a 
preferred gain control element for use in the aforedes 
cribed gain controlled ampli?ers. 
A schematic diagram of a preferred embodiment of 

signal compressing circuit Tc wherein FET 30 is used 
as the gain controlled element is shown in FIG. 9. As 
depicted, gain controlled element 8A included in volt 
age controlled ampli?er 7A comprises a buffer circuit, 
or impedance converter, 46 which may be an emitter 
follower transistor Q1. The output of this buffer circuit 
is connected to a ?rst drain electrode of FET 30, the 
other drain electrode of the FET being connected to 
constant gain ampli?er 9A. The constant gain ampli?er 
includes an operational ampli?er 48 having a pair of 
inputs, such as an inverting input and a non-inverting 
input, and a differential ampli?er 47 having a pair of 
outputs connected, respectively, to the inverting and 
non-inverting inputs of operational ampli?er 48. Thus, 
FET 30 is coupled through differential ampli?er 47 to 
the non-inverting input of operational ampli?er 48. The 
output of this operational ampli?er is fed back through 
differential ampli?er 47 to the inverting input thereof. 
Voltage controlled ampli?er 7B is substantially simi 

lar to voltage controlled ampli?er 7A except that FET 
30 included in gain controlled element 88 is coupled to 
the output of operational ampli?er 48 of constant gain 
ampli?er 9A in the absence of an intermediary buffer 
circuit. 
The output of constant gain ampli?er 9B is coupled to 

a control voltage generator 50 which includes a full 
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10 
wave recti?er circuit. Thus, the output of ampli?er 9B 
is phase-split and then coupled through diodes DH and 
D12 to transistors Q2 and Q3, as shown. The recti?ed 
output derived from transistors Q1 and Q; is combined 
with offset voltage V F, this offset voltage being equal to 
the base-emitter voltage Vb, of transistors Q2 and Q3 and 
the threshold voltage V,,, of FET 30. The combined, or 
added voltages are supplied through a time constant 
circuit 53 to the respective gate electrodes of FET’s 30 
as control voltage VG. This control voltage also is ap 
plied to the emitter of buffer circuit transistor Q. As 
also shown in FIG. 9, suitable operating potentials 8+ 
and B—- are supplied to the respective circuit compo 
nents via power supply terminals 51a and 51b. 

Signal compressing circuit Tc produces an output 
signal So at output terminal 14 that is compressed with 
respect to input signal Si applied to input terminal 13 by 
the exponential factor 1/2. This signal compression 
ratio is substantially linear over a wide range of input 
signal level, as shown by curve Pa graphically depicted 
in FIG. 13. 
A schematic diagram of signal expanding circuit Te is 

shown in FIG. 10. Voltage controlled ampli?er 20A 
includes a buffer circuit 46 including emitter-follower 
transistor Q1, similar to buffer circuit 46 shown in FIG. 
9. The output of this buffer circuit is connected through 
attenuator 21A and differential ampli?er 47 to the non 
inverting input of operational ampli?er 23. Gain con 
trolled element 22A includes FET 30 and is connected 
in feedback relation between the output of operational 
ampli?er 23 and, through differential ampli?er 47, to 
the inverting input of the operational ampli?er. Thus, it 
is seen that voltage controlled ampli?er 20A of signal 
expanding circuit Te is similar to voltage controlled 
ampli?er 7A of signal compressing circuit Tc. That is, 
both ampli?ers include an operational ampli?er having 
a pair of inputs coupled to a pair of outputs of a differen 
tial ampli?er. Also, both ampli?ers include an input 
buffer circuit. The difference between these respective 
ampli?ers is that in signal compressing circuit Tc, input 
signal Si is supplied through FET 30 and then through 
differential ampli?er 47 to operational ampli?er 48; 
however, in signal expanding circuit Te, it is the output 
of the operational ampli?er that is fed back via FET 30. 
Voltage controlled ampli?er 20B of FIG. 10 is seen to 

be substantially similar to voltage controlled ampli?er 
7B in FIG. 9; and control voltage generator 50 in FIG. 
10 also is similar to control voltage generator 50 in FIG. 
9. Accordingly, in the interest of brevity, further de 
scription of signal expanding circuit Te is not provided. 

Suffice it to say, however, signal expanding circuit Te 
shown in FIG. 10 is capable of expanding the input 
signal Si supplied thereto by the exponential factor 2. 
This signal expanding characteristic is depicted by 
curve Pb shown in FIG. 13. It is appreciated that a 
substantially linear signal expansion charcteristic is ex 
hibited by signal expanding circuit Te over a relatively 
wide range. 
While the exponential signal compression factor of 

compressing circuit Tc has been described as being 
equal to L; and while the exponential expansion factor of 
signal expanding circuit Te has been described as equal 
to 2, the teachings of the present invention need not be 
limited solely to these factors. Rather, the present in 
vention can be used to achieve an exponential compres 
sion factor of n-k/n; and an exponential expansion 
factor of n/n-k, when n and k are integers. In the 
above-described examples, these integers have been 
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selected as n = 2 and k = l. A more generalized em 
bodiment of signal compressing circuit Tc in accor 
dance with the teachings of the present invention is 
shown in FIG. 11 wherein n serially-connected voltage 
controlled ampli?ers 7A, 7B . . . 7K, . . . 7N are shown. 

Each of these voltages controlled ampli?ers may be of 
similar construction shown, for example, in the sche 
matie diagram of FIG. 9. Accordingly, each voltage 
controlled ampli?er stage is comprised of a gain con 
trolled element, or voltage controlled impedance, 8A, 
8B . . . 8K . . . 8N, connected in cacade with an asso 

ciated substantially constant gain ampli?er 9A, 9B . . . 

9K, . . . 9N, respectively. Input terminal 13 is connected 
to the ?rst stage 7A and output terminal 14 is coupled to 
the output of a predetermined stage 7K. That is, output 
terminal 14 is connected to a connection point between 
selected adjacent stages 7K and 7(K+ 1). In the general 
ized embodiment shown in FIG. 11, the compressed 
voltage output level derived from the kth stage 7K is 
Vak, which may be expressed as: 

(13) 
n4 k 

(Al'Al‘mAk) I "_" 

(AI: +1" Ah + 2 ' "1,01 

The factors .41, A2. . . . AI, AMI. . . A,,are the respective 
gains of the substantially constant gain ampli?ers 9A . . 
. 9N. Equation (13) represents that the voltage level Vi 
of input signal Si is compressed by the exponential fac 
tor n — k/n. As may be appreciated, depending upon the 
particular connection of output terminal 14 to any one 
of the n voltage controlled ampli?ers, the factor k is 
correspondingly adjustable so as to vary the exponential 
compression factor. 
An embodiment of a generalized signal expanding 

circuit Te is shown in FIG. 12. This illustrated embodi 
ment may be considered to be formed of two groups of 
voltage controlled ampli?ers; that is, a ?rst group com 
prised of k voltage controlled ampli?ers 20A, 20B, . . . 
20K, and a second group of n-k voltage controlled 
ampli?ers 20(K+ l), . . . 20 N. Input terminal 24 is con 
nected in common to both groups of voltage controlled 
ampli?ers. In particular, input terminal 24 is connected 
to the kth voltage controlled ampli?er 20K and also to 
the (k+ l)th voltage controlled ampli?er 20(K+1). The 
kth voltage controlled ampli?er stage 20K may be con 
structed as a voltage controlled ampli?er in accordance 
with ampli?er 20A shown in FIG. 4, while the remain 
ing voltage controlled ampli?er stages of FIG. 12 may 
be constructed as voltage controlled ampli?er 20B 
shown in FIG. 4. Hence the output of operational am 
pli?er 23 included in the kth stage 20K is coupled to 
output terminal 25 and, additionally. is fed back through 
cascaded voltage controlled ampli?ers 20A, 20B, . . . 
20(K— l) and then through gain controlled element or 
voltage controlled impedance, 22K to the inverting 
input of operational ampli?er 23. 
The relation between the output voltage level Vo of 

output signal So and the input voltage level Vi of input 
signal Si in the generalized embodiment of FIG. 12 may 
be expressed as: 

( 14) 
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-continued 

II 

The factors B1, B2, . . . Bk, BM 1, . . . B,, are the respective 

gains of constant gain ampli?ers 21A, 21B, . . . 21K, 
21(K+ 1) . . . 21N, respectively. If ampli?er 21K has a 

gain less than unity so as to comprise an attenuator, then 
the gain of attenuator 21K may be expressed as l/Bk, 
wherein Bk is greater than unity. This has been de 
scribed hereinabove in respect to that embodiment of 
signal expanding circuit Te shown in FIG. 4. 
As demonstrated by equation (14) the generalized 

embodment shown in FIG. 12 exhibits an exponential 
expansion factor of n/n-k. Depending upon which 
voltage controlled ampli?er stage the input terminal is 
connected, k is correspndingly varied to thereby deter 
mine the exponential expansion factor at any desired 
value. 

In accordance with the present invention, as de 
scribed above, signal compressing and expanding cir~ 
cuits may be constructed without requiring the use of 
exponental ampli?ers and logarithmic conversion cir 
cuits, as has been necessary in prior art compression and 
expansion circuits. Hence, substantially linear ampli?ers 
can be used, and these ampli?ers may be constructed ol 
integrated circuit con?guration. Consequently, various 
circuit components and elements may be formed on the 
same semiconductor chip, thereby offering the advan 
tage of matched compression and expansion circuits 
exhibiting substantially uniform characteristics over a 
wide range of input signals. Furthermore, because the 
compression and expansion circits may be formed oi 
integrated circuits, the particular characteristics 
thereof, and especially the voltage controlled parame' 
ters, are relatively insensitive to temperature and are 
not subjected to changing parameters due to the range 
of tolerances of the individual circuit components. 
While the present invention has been particularly 

shown and described with reference to certain pre 
ferred embodiments, it should be readily apparent that 
various changes and modi?cations in form and details 
may be made without departing from the spirit and 
scope of the invention. Accordingly, it is intended that 
the appended claims be interpreted as including all such 
changes and modi?cations. 
What is claimed is: 
1. Signal compression apparatus comprising: 
n serially-connected voltage controlled ampli?er 
means; 

input means for supplying an input signal having a 
voltage V, to be compressed to a ?rst of said n volt 
age-controlled ampli?er means; 

control signal generating means comprised of an add 
ing circuit having one input connected to the nth oi 
said voltage controlled ampli?er means and another 
input connected to be supplied with a reference 
voltage V; for producing at an output terminal 
thereof a control voltage VG which is proportional 
to the sum of the output signal of said nth voltage 
controlled ampli?er means and said reference volt 
age VF; 

means for supplying said control voltage VG to each 
of said It voltage controlled ampli?er means for 
determining the gain thereof; and 
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means coupled to a predetermined connection point 
between the kth and the (k+ l) voltage controlled 
ampli?er means for producing an output signal 
having a voltage V, proportional to (VG-l» VF)(k/n) 
V,(n—k)/ n). 

2. Signal compression apparatus according to claim 1, 
in which each of said voltage controlled ampli?er 
means comprises a voltage controlled variable imped 
ance means supplied with said control voltage and an 
ampli?er connected in cascade with said variable im 
pedance means. 

3. Signal compression apparatus according to claim 2, 
wherein said reference voltage VFis an offset voltage. 

4. Signal compression apparatus according to claim 3, 
in which the output voltage V, is related to the input 
voltage V; in accordance with the equation, 

wherein said means for producing an output signal is 
coupled between the kth and the (k + 1)th voltage 
controlled ampli?er means, and A] through A,I are gains 
of the respective ampli?ers connected in cascade with 
corresponding variable impedance means. 

5. Signal compression apparatus according to claim 4, 
wherein the connection of said output means is variable 
to thereby vary k in order to deterine the exponential 
compression characteristics of said output signal. 

6. Signal compression apparatus according to claim 5, 
in which said voltage controlled variable impedance 
means includes an FET comprised of: 

a semiconductor substrate of one conductivity type; 
a source region of opposite conductivity type and a 

drain region of opposite conductivity type, the 
source and drain regions both extending into said 
substrate from one surface thereof; 

a channel region formed between said surce and drain 
regions through which a channel current flows, 
each of said drain and source regions having sub 
stantially parallel boundaries facing each other 
across said channel region; 

?rst and second drain electrodes electrically con 
nected to opposite transversely separated ends of 
said drain region, said drain region having a resis 
tance between said ends which is higher than the 
resistance between the ends of said source region; 

an insulating layer overlying said channel region; 
a gate region formed on said insulating layer; 
a gate electrode electrically connected to said gate 

region; and 
a source electrode electrically connected to said 
source region; 

said ?rst and second drain electrodes being connected 
in series with the input of its associated, cascaded ampli 
?er, said source electrode being connected to a voltage 
reference point and said gate electrode being supplied 
with said control voltage. 

7. Signal compression apparatus accordig to claim 6, 
further including an emitter follower amplifying stage 
connected to the input of the FET in at least the ?rst 
voltage controlled ampli?er means. 

8. Signal compression apparatus, comprising: 
n serially-connected voltage controlled ampli?er 
means. each including a voltage controlled variable 
impedance and a cascade-connected ampli?er, at 
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least one of the cascade-connected ampli?ers being 
comprised of a differential ampli?er having a pair of 
outputs and an operational ampli?er having a pair 
of inputs connected to the pair of outputs of said 
differential ampli?er, said voltage controlled vari 
able impedance being coupled to an input of said 
differential ampli?er; 

input means for supplying an input signal to be com 
pressed to a ?rst of said It voltage controlled ampli 
?er means; 

control signal generating means comprised of an add 
ing circuit having one input connected to the nth of 
said voltage controlled ampli?er means and another 
input connected to be supplied with a reference 
voltage for producing at an output terminal thereof 
a control voltage which is proportional to the sum 
of the output signal of said nth voltage controlled 
ampli?er means and said reference voltage; 

means for supplying said control voltage to the volt 
age controlled variable impedance in each of said 
voltage controlled ampli?er means; and 

means coupled to a predetermined connection point 
between adjacent voltage controlled ampli?er 
means for producing an exponentially compressed 
output signal. 

9. Signal compression apparatus according to claim 
28, in which said control signal generating means is 
further comprised of a full-wave recti?er formed of a 
pair of transistors for receiving the output signal of said 
nth voltage controlled ampli?er means. 

10. Signal expansion apparatus comprising: 
n voltage controlled ampli?er means arranged in two 
groups, one of said groups comprised of k serially 
connected voltage controlled ampli?er means and 
the other of said groups comprised of n-k serially 
connected voltage controlled ampli?er means; 

input means for supplying an input signal having a 
voltage V,- to a common connection point between 
said two groups of voltage controlled ampli?er 
means; 

control signal generating means comprised of an add 
ing circuit having one input connected to the output 
of the nth voltage controlled ampli?er means in said 
group of n-k voltage controlled ampli?er means 
and another input connected to be supplied with a 
reference voltage VF for providing at an output 
terminal thereof a control voltage VG which is pro 
portional to the sum of the output signal of said nth 
voltage controlled ampli?er means and said refer 
ence voltage V F; 

means for supplying said control voltage V6 to each 
of said n voltage controlled ampli?er means for 
determining the gain thereof; and 

output means coupled to said group of k voltage con 
trolled ampli?er means for producing an expanded 
output signal having a voltage V,J proportional to 

11. Signal expansion apparatus according to claim 10, 
in which at least one of said voltage controlled ampli?er 
means included in said group of k voltage controlled 
ampli?er means comprises a voltage controlled imped 
ance means and an attenuator connected in series; and 
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each of said voltage controlled ampli?er means in 
cluded in said group of n-k voltage controlled ampli 
?er means comprises voltage controlled impedance 
means connected in cascade with an ampli?er. 

l2. Signal expansion apparatus according to claim 11 
wherein said reference voltage VFis an offset voltage. 

13. Signal expansion apparatus according to claim 12, 
in which said expanded output voltage (V,,) is related to 
said input voltage (V,-) in accordance with the equation: 

wherein said means for producing an output signal is 
coupled to the kth voltage controlled ampli?er means, 
said input means is coupled to the kth voltage con 
trolled ampli?er means, the ?rst through (k—1)th volt 
age controlled ampli?er means are connected in feed 
back relation from the output to the input of said kth 
voltage controlled amli?er means, and B] through 8,, are 
the gains of the respective ampli?ers connected in cas 
cade with a corresponding voltage controlled imped 
ance means. 

14. Signal expansion apparatus according to claim 13, 
wherein the particular location of the kth voltage con 
trolled ampli?er means is variable to thereby vary k in 
order to determine the exponential expanding charac 
teristics of said output signal. 

15. Signal expansion apparatus according to claim 14, 
in which said kth voltage controlled ampli?er means 
comprises a differential ampli?er having a pair of out 
puts and a pair of inputs, an operational ampli?er having 
a pair of inputs connected to the pair of outputs of said 
differential ampli?er, means for supplying said input 
signal to one of said differential ampli?er inputs through 
said attenuator, and said voltage controlled impedance 
means is connected in feedback relation from the output 
of said operational ampli?er to the other differential 
ampli?er input; and wherein each of the remaining 
voltage controlled ampli?er means comprises a voltage 
controlled impedance means connected in series with an 
operational ampli?er; each said voltage controlled im 
pedance means including an FET comprised of: 

a semiconductor substrate of one conductivity type; 
source and drain regions of opposite conductivity 

type, respectivly, each extending into said substrate 
from one surface thereof; 

a channel region formed between said source and 
drain regions through which a channel current 
?ows, each of said drain and source regions having 
edges spaced apart transversely from said channel 
region; 

?rst and second drain electrodes electrically con 
nected to said edges of said drain region, said drain 
region having a resistance between said edges 
which is higher than the resistance between the 
edges of said source region; 

an insulating layer overlying said channel region; 
a gate region formed on said insulating layer; 
a gate electrode electrically connected to said gate 

region; and 
a source electrode electrically connected to said 
source region; said ?rst and second drain electrodes 
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being connected in series with the input of its asso 
ciated ampli?er, said source electrode being con 
nected to a voltage reference point and said gate 
electrode being supplied with said control voltage. 

16. Signal expansion apparatus according to claim 15, 
in which said attenuator in said kth voltage controlled 
ampli?er means comprises an emitter follower amplify 
ing stage and a resistive attenuator connected at the 
output of said emitter follower amplifying stage. 

17. Signal expansion apparatus according to claim 16, 
in which said control signal generating means further 
comprises a full-wave recti?er formed of a pair of tran 
sistors for receiving the output of said nth voltage con 
trolled ampli?er means. 

18. Apparatus for compressing and expanding a sig 
nal, comprising a signal compressing circuit including: 
a signal input terminal for receiving an input signal to 
be compressed; 

a signal output terminal for producing a compressed 
output signal; 

at least two serially-connected voltage controlled 

?rst circuit means for connecting said input terminal 
to the ?rst one of said serially-connected voltages 
controlled ampli?ers; 

control signal generating means comprised of an add 
ing circuit having one input connected to the last 
one of said serially-connected voltage controlled 
ampli?ers and another input connected to be sup 
plied with a reference voltage for producing at an 
output terminal thereof a control voltage which is 
proportional to the sum of the output signal of the 
last voltage controlled ampli?er and said reference 
voltage; 

second circuit means for supplying said control volt 
age to each of said serially-connected voltage con 
trolled ampli?ers; and 

third circuit means for connecting said signal output 
terminal to a predetermined connection point be 
tween corresponding voltage controlled ampli?ers; 
and a signal expanding circuit including: 

a second signal input terminal for receiving a signal to 
be expanded; 

a second output terminal for producing an expanded 
output signal; 

?rst and second voltage controlled ampli?ers; 
fourth circuit means for connecting said second signal 

input terminal to the connection point between said 
?rst and second voltage controlled ampli?ers; 

second control signal generating means comprised of 
a second adding circuit having one inut connected 
to the output of said second voltage controlled 
ampli?er and another input connected to be sup 
plied with another reference voltage for producing 
at an output terminal thereof a control voltage 
which is proportional to the sum of the output sig 
nal of said second voltage controlled ampli?er and 
said other reference voltage; 

?fth circuit means for supplying said control voltage 
to each of said ?rst and second voltage controlled 
ampli?ers; and 

sixth circuit means for connecting said second signal 
output terminal to the ?rst voltage controlled am 
pli?er. 

19. Signal compression apparatus, comprising: 
a plurality of serially-connected voltage controlled 

attenuators, each of said voltage controlled attenua 
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tors having a substantially linear gain characteristic 
over a range of at least 60dB; 

input means for supplying an input signal to be com 
pressed to a ?rst of said voltage controlled attenua 
tors; 

a source for providing a reference signal; 
control signal generating means connected to the last 
of said voltage controlled attenuators and to said 
source for combining the output of said last voltage 
controlled attenuator and said reference signal to 
produce a control voltage proportional to the sum 
of said output and said reference signal; 

means for supplying said control voltage to each of 
said voltage controlled attenuators to determine the 
gain thereof; and 

output means coupled to the output of a predeter 
mined voltage controlled attenuator for producing 
an output signal that is compressed with respect to 
said input signal by an exponential factor. 

20. Signal compression apparatus according to claim 
19, wherein each of said voltage controlled attenuators 
comprises a voltage controlled impedance whose im 
pedance varies substantially linearly with a control 
voltage applied thereto and a substantially constant gain 
ampli?er connected in cascade with said voltage con 
trolled impedance; and wherein said output means is 
coupled to an intermediate one of said serially-con 
nected voltage controlled attenuators. 

21. Signal compression apparatus according to claim 
20, wherein said control signal generating means com 
prises a summing circuit having one input connected to 
said last of said voltage controlled attenuators and an 
other input connected to said source. 

22. Signal compression apparatus according to claim 
20, wherein each of said constant gain ampli?ers is an 
operational ampli?er having an input for receiving a 
signal supplied thereto by said cascade-connected volt 
age controlled impedance. 

23. Signal expansion apparatus comprising: 
at least ?rst and second voltage controlled ampli?er 
means, said ?rst voltage controlled ampli?er means 
including a ?rst voltage controlled impedance hav 
ing a substantially linear characteristic, and said 
second voltage controlled ampli?er means includ 
ing a second voltage controlled impedance having a 
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linear characteristic connected in cascade with an 
ampli?er of predetermined gain; 

input means for supplying an input signal to be ex 
panded in common to said ?rst and second voltage 
controlled ampli?er means; 

a source for providing a reference signal; 
control signal generating means connected to said 
second voltage controlled ampli?er means and to 
said source for combining the output of said second 
voltage controlled ampli?er means and said refer 
ence signal to produce a control voltage propor 
tional to the sum of said output and said reference 
signal; 

means for supplying said control‘ voltages to each of 
said voltage controlled impedances to determine 
the respective impedance thereof; and 

output means coupled to the output of said ?rst volt 
age controlled ampli?er means for producing an 
output signal that is expanded with respect to said 
input signal by an exponential factor. 

24. Signal expansion apparatus according to claim 23 
wherein said ?rst voltage controlled ampli?er means 
further comprises an operational ampli?er having a pair 
of inputs and an output, said output being coupled to 
said output means; a substantially constant gain ampli 
?er coupled to one of said operational ampli?er inputs; 
and said ?rst voltage controlled impedance being con 
nected in a feedback circuit of said operational ampli 
?er; and wherein said input means is coupled to said 
substantially constant gain ampli?er. 

25. Signal compression apparatus according to claim 
24, wherein said substantially constant gain ampli?er 
has a gain less than unity. 

26. Signal compression apparatus according to claim 
25, wherein said ampli?er connected in cascade with 
said second voltage controlled impedance in said sec 
ond voltage controlled ampli?er means comprises an 
operational ampli?er having an input for receiving a 
signal supplied by said second voltage controlled im 
pedance. 

27. Signal compression apparatus according to claim 
25, wherein said control signal generating means com 
prises a summing circuit having one circuit connected 
to the output of said second voltage controlled ampli?er 
means and another input connected to said source. 
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